Fopius (= Biosteres) arisanus (Sonan) (= Opius oophilus Fullaway) (Hymenoptera: Braconidae) is an egg-pupal parasitoid of tephritid fruit flies. Small scale releases of F. arisanus were undertaken in coffee, Coffea arabica L., on the island of Kauai, to evaluate its potential for suppression of fruit fly populations. In conjunction with field releases, assays were conducted to determine the quality of pre-released parasitoids. In addition, the suitability of various sugars as potential food supplements in the field was evaluated. Spermathecal dissection showed that >70% of a total 1.7 million females released in 1998 and 1999 were successfully mated. Moreover, a sperm rating of 2.5-2.6 indicated that the spermathecae of inseminated females were 50% full. There were 85-137 matured eggs (mean = 101.7 ± 11.5) in the ovaries of mated or virgin females. When honey was replaced with ripe coffee and water, ripe coffee, or water alone, 10 days after emergence, females remained alive for another 5.5, 5.4, and 4.9 days, respectively. There was corresponding deterioration in the ovaries of gravid females. Mean eggs of honey-deprived females declined from >100 to <70 shortly before their death. Suitability test of various sugars showed that females lived longer when fed with honey (26 days), maple syrup (25 days) or molasses (20 days). Moreover, females provided with these sugars produced mean cumulative progeny per female of 77.2 ± 19, 67 ± 7, and 81 ± 14, respectively, during a 2-week egging period. Our findings provided a basis for development of field release strategy for F. arisanus.
Introduction
Fopius arisanus (Sonan) is one of only two known opiine egg endoparasitoids of tephritid fruit flies in the Western Hemisphere (Prokopy & Webster, 1978; Wharton & Gilstrap, 1983) . Fopius arisanus was introduced into Hawaii following the discovery of the oriental fruit fly, Bactrocera (= Dacus) dorsalis (Hendel), in the 1940s (Zwaluwenberg, 1947) . Subsequently, F. arisanus was established and had caused substantial reductions of fruit fly populations in the major Hawaiian islands (Bess et al., 1961; Wong et al., 1984; Wong & Ramadan, 1987; Vargas et al., 1993) .
The development of a laboratory-adapted strain (Harris & Okamoto, 1991) facilitated mass production of F. arisanus (Bautista et al., 1999) . Consequently, small-scale releases of F. arisanus were initiated on a 10.5-acre plot of coffee, Coffea arabica L., near Koloa, Kauai island, to evaluate the potential for suppression of small populations of the Mediterranean fruit fly, Ceratitis capitata (Weidemann).
The quality of laboratory-reared parasitoids determines their effectiveness in the field. Among others, the mating status of pre-released females indicates their ability to produce a complement of female progeny in the host habitat. This attribute is critical in F. arisanus considering that virgin females will only produce male offspring from unfertilized eggs (Flanders, 1939) . Thus, field releases of greatest number of mated females are desirable. Secondly, F. arisanus oviposition peaked within 1-2 weeks after emergence (Ramadan et al., 1992; . Hence, field releases should be carefully timed to ensure that females are sufficiently gravid. Lastly, the availability of a suitable food source in the release site determines not only the latent longevity of the females but frequency of parasitoid releases in an augmentation program (Hagen & Bishop, 1979; McDougall & Mills, 1997) .
In this study we determined the mating and reproductive status of F. arisanus shortly before field release, female survivorship and ovarian development when honey was substituted with non-sugar sources for nourishment, and suitability of various sugars as potential food supplements for parasitoids in the field.
Materials and methods
Fopius arisanus was mass-produced at the insect rearing facility in Honolulu, Oahu and shipped (See: methods by Purcell et al., 1994) to Kauai in weekly batches of 1300-1500 g puparia (1 g equals 166 puparia) while parasitoids were still enclosed in fruit fly puparia. Puparia were partitioned into lots of 40 g each, then placed separately inside emergence cages (31 × 31 × 70 cm). Cages were suspended about 30-40 cm from the ceiling of a modified holding room (2.5 × 23.5 × 2.5 m). Parasitoids were held in the cages until females were about 8-10 d old. Rearing conditions in the room were maintained at temperature of 24-26 • C, 55-65% r.h. and L12:D12 photoperiod. Two rows of flourescent lights provided 3470±179 lux of illumination. Parasitoids were provided with honey (Bradshaws, Sioux City, IA) and water.
Except in the evaluation of female mating status and potential fecundity, subsequent tests were facilitated using cubical screen cages (26 × 28 × 26 cm). Unless otherwise indicated, tests were conducted in the laboratory with temperature of 22-24 • C (mean = 23 ± 0.2 • C), 60-70% r.h. (mean = 62 ± 0.9%) and L10:D14 photoperiod.
Mating status and potential fecundity of F. arisanus. At the parasitoid holding facility in Kauai, ten cages were picked at random from which ten females (about 8-10 days old) each were aspirated. Females (= 100 individuals) were placed in screen container, packed in shipment box cooled with Blue Ice R (Rubbermaid, Wooster, OH), then sent to our laboratory in Honolulu for spermathecal examination.
Females were dissected singly under a stereoscope in order to excise the spermatheca. Spermatheca was placed in a drop of 1% saline solution (Ringer's) on a glass slide then covered with a cover glass. The spermathecal mount was examined under a compound microscope to determine the presence of sperms. It was difficult to count the number of sperms since they were entangled together, hence an arbitrary rating scale of 1-3 was used to estimate mean index of sperm load, i.e., 1, 2, and 3 corresponded to spermatheca with ≤25%, ≥50%, and ≥75% filled with sperm, respectively.
Concurrently, ovaries were examined to determine the potential fecundity of pre-released F. arisanus. Only matured and fully-developed eggs were counted.
The proportion of mated females was computed by dividing the number of inseminated individuals by the total number of females dissected. Mean sperm index was estimated by dividing the sum of sperm ratings by the total number of mated females. The number of eggs in the ovaries was determined from mated and virgin females. Descriptive statistics, namely, range, mean, and standard error of the mean (SEM) were calculated for each variable by pooling weekly data (treated as replications) and calculating overall averages for the year.
Longevity of honey-deprived F. arisanus. A cubical cage (source of test parasitoids) was provisioned with about 20 g parasitized puparia that yielded about 2500 adult parasitoids (1:1 sex ratio). As soon as parasitoids commenced to emerge, host puparia were transferred daily from cage to cage until 'flush' emergence of females (Bautista et al., 1998) . This way, sufficient number of females that eclosed on the same day was obtained. Females were fed with honey and water until they were ten days old. Then, three sets of 100 females each were aspirated and placed in separate cages. Parasitoids were provided with ripe coffee fruits, ripe coffee fruits and water, or water only. Fresh ration of coffee fruits, prepared in a manner described previously was provided to parasitoids daily. Water was provided from a wet cotton dental wick inserted into a plastic container (9 cm diam). For purposes of comparison, honey and water were provided to a comparable cohort of females in another cage.
Assay was conducted outside the laboratory with ambient temperatures of 21-25 • C (mean = 22.7 ± 0.10 • C) and 69-95% r.h. (mean = 81.8 ± 5%). The test cages were placed in the shade, away from direct sunlight. Twenty-four hours later and daily thereafter until all females had died, the number of dead parasitoids was counted and recorded. The test was repeated five times using fresh batches of parasitoids each time.
Ovarian condition of honey-deprived F. arisanus. Using the same treatments as in the preceding section, females in sets of ten were sampled daily from each of the cages. Females were dissected singly to determine the number of mature eggs in the ovaries. Dissection commenced within 24 h after start of the test and daily thereafter until all females had died. Concurrently, observation in the control cage (where females were fed with honey) was likewise terminated. The number of eggs per female per day was averaged from ten females in each treatment. There were no significant differences (P > 0.05) in the egg counts among females that were not provided honey; thus, data were pooled and averaged. The resulting data, designated as that obtained from 'honey-deprived' females, were then compared to that of 'honey-fed' females (control). Test was replicated three times using fresh batches of females each time.
Longevity and reproductive potential of female F. arisanus fed with various sugar sources. The suitability of various sugars was assayed using five kinds of sugars, and two of these sugars to which a protein supplement was added. The five sugars were honey, molasses (Nugget, Stockton, CA), black strap molasses (Allied Old English, Port Reading, NJ), maple syrup (Nugget, Stockton, CA), and white cane sugar (California & Hawaii, Crockett, CA). The two sugars fortified with protein yeast hydrolyzate (Amersham, Cleveland, OH) were honey and cane sugar. The protein was mixed with the two sugars at a ratio of 50:50 (by weight).
Treatments consisted of seven cubical cages provisioned with 100 pairs each of newly-eclosed F. arisanus. Parasitoids were presented simultaneously with the test sugars in inverted plastic lids (8×10 mm). Every two days each cage was replaced with fresh rations of test sugars. Dead parasitoids were counted and removed daily.
Eight to ten days after female emergence, parasitoids were egged (exposure of host eggs to females) (Harris & Okamoto, 1991) using oriental fruit fly, Bactrocera dorsalis, eggs as hosts. Egging was done three times each week for two weeks until females were 20 days old. Parasitized hosts were reared and processed (Harris & Bautista,1996) . Subsequently, fruit fly puparia were recovered, weighed, and a 2 g sample was taken. The number of puparia in the sample was counted to estimate the total number of puparia recovered in each sugar treatment. Then, puparia were placed in a screen-covered container where parasitoids emerged and tallied. Progeny per female was computed by dividing the total number of progeny recovered in an egging date by number of reproducing females that were still alive on that particular egging date. Progeny count was pooled for all 6 egging dates then averaged for five replications.
Data analysis. Actual counts were transformed to square root of x+0.5 and percentages to arcsine square root of proportion for homogeneity of variances before data analysis. Percent inseminated females, sperm rating, and potential fecundity of pre-released females were compared between cohorts sampled in 1998 and 1999 field releases by Student's t-test at P = 0.05. Likewise, data on ovarian condition of honey-deprived females were compared to that of honey-fed females by Student's t-test (P = 0.05). The effects of various sugar or non-sugar sources on the life span and reproductive potential of female parasitoids were analyzed by 1-way ANOVA. Means were separated by the Tukey-Kramer Honestly Significant Difference (HSD) method at the 5% level of significance. Untransformed means (±SEM) were used in the presentation of results.
Results
Mating status and potential fecundity of female F. arisanus. Between September-November 1998 and August-December 1999, >2000 females (about 8-10 days old) were sacrificed to determine the mating status of pre-released females. In 1998, 50-100% of females sampled were found inseminated, thus indicating that parasitoids were actively mating in the holding cages (Table 1) . Of 11 field releases, the average percent mated females was >70%. This was consistent (t 0.05 = −0.15, P = 0.88) with mating data generated in the 2nd year of our field test. Of 15 releases in 1999 (Table 1) , the proportion of inseminated females was 50-90% with an average of 73%.
Sperm ratings of 2.6 and 2.5 (Table 1) were obtained in 1998 and 1999, respectively, suggesting that a In a scale of 3, spermathecae that were ≤ 25%, ≥ 50% or ≥ 75% full (with sperm) were given an index rating of 1, 2 or 3, respectively.
spermathecae were 50% full and consistent (t 0.05 = 1.08, P = 0.29) throughout the two year period of parasitoid releases. Sperm ratings ranged from as low as 1.9 to as high as 3. A virgin or mated female had fewer than 85-90 to as many as 128-137 matured eggs in her ovaries (average of 100.2 eggs) at time of field introduction (Table 1) . Mean number of overall eggs were consistent between batches of females released for two consecutive years (t 0.05 = 0.82, P = 0.43).
Longevity of honey-deprived F. arisanus. Ten-day old females that were denied further access to honey but provided instead with ripe coffee fruits, water, or a combination of coffee and water remained alive for another 5.4 ± 0.6 days (range = 4-6 days), 4.9 ± 0.9 days (range = 4-6 days), and 5.5 ± 0.5 days (range = 5-6 days), respectively (Figure 1 ). Adult longevity was shortened by 3-fold when females were provided with different sources of nourishment other than honey (mean longevity = 16.5 ± 4.3 days, range = 9-22 days) (F = 88.6; df = 3, 19; P < 0.0001).
Ovarian condition of honey-deprived F. arisanus. Initial dissection of ovaries indicated that the potential fecundity of ten day old females was comparable between honey-fed and honey-deprived parasitoids. However, within three days, the mean number of ovarian eggs in honey-deprived females declined by as much as 25% (Figure 2) . At death, which occurred >5 days later, there were <70 viable eggs in the ovaries of honey-deprived females compared to >100 eggs of honey-fed females. Overall, mean eggs in the ovaries of honey-deprived females was ≈20% fewer than females fed with honey (t 0.05 = 3.03; P = 0.02). In fact, addition of PYH to HON or CSU was detrimental to the test females. Within four days after emergence, 72-77% of females fed with these diet combinations died and none survived beyond six days. Mean life span in (HON+PYH) and (CSU+PYH) corresponded to 3.98 ± 0.03 and 4.1 ± 0.03 days, respectively. On the other hand, females fed with HON, MSY and MO lived longer (25.6 ± 2.7 days, 24.5 ± 2.3 days, and 20 ± 2.5 days, respectively) than those provided with CSU (13.8 ± 1.8 days) or BSMO (8.7 ± 0.5 days) (F = 25.2; df = 6, 34; P < 0.0001) (Figure 4) .
Longevity and reproductive potential of female
Mean progeny per female ( Figure 5 ) differed significantly among the sugar treatments (F = 15.03; df = 6, 34; P < 0.0001). Progeny yields were greatest when females were fed with CSU (86.6 ± 16.5), MO (80.8±13.9), HON (77.2±9.7), and MSY (66.6±6.9). Interestingly, females fed with CSU compensated their shorter life span by producing slightly more progeny than those fed with HON, MO, or MSY. The abbreviated longevity of females provided with (HON+PYH) and (CSU+PYH) resulted in zero progeny.
Discussion
We found that about 70% of F. arisanus females released between September-November 1998 and August-December 1999 were successfully inseminated, with their spermathecae half-filled with as many sperms. This observation not only confirmed that males became sexually active within 5-6 days after emergence (Hagen, 1953) , but also indicated that a high level of mating had occurred in the parasitoid holding cages. Contrary to earlier reports that F. arisanus did not mate readily when reared indoors (Haramoto, 1957; Chong, 1962; Snowball et al., 1962) , >2/3 of laboratory-adapted parasitoids (Harris & Okamoto, 1991) that were released during each of two year period were inseminated, increasing the likelihood of a favorable female progeny sex ratio (DeBach & Bartlett, 1965) . We do not yet have field data to substantiate this claim but it had already been demonstrated that a high rate of F. arisanus female mating success (65-92%) corresponded with a sizeable yield of female offspring (>50%) (Ramadan et al., 1992) . Moreover, we determined that 8-10 days old females (whether virgin or mated) had an average complement of approximately 100 matured eggs in their ovaries; hence, females were sufficiently gravid at the time of field release. In fact, shortly after field introduction, females commenced to search for fruit fly eggs in coffee fruits. This observation supported an earlier finding that the egg laying response by gravid F. arisanus intensified when females were at least 1-2 weeks old (Ramadan et al., 1992 (Ramadan et al., , 1994 .
Fopius arisanus females died shortly after they were denied further access to honey past their release age of 10 days old. While starved F. arisanus was reported to have died within 12 h after emergence (Haramoto, 1957) , neither ripened coffee fruits, water alone, nor a combination of both was nutritionally adequate to sustain female survival for more than 6 days. By comparison, mean longevity was lengthened 3-fold when females were provided continuously with honey until the end of the test. Moreover, substitution of honey with non-sugar sources was accompanied by a progressive deterioration of female ovaries. Shortly before death, only half as many matured eggs were present in the ovaries of honey-deprived females compared to those of females fed honey. Our findings suggest that a suitable food source is important in sustaining the longevity and fecundity of female F. arisanus in the host habitat.
Supplementary foods prolong effective search time and stimulate oviposition of female parasitoids in the natural habitat (Hagen, 1987) . Our assay on the suitability of various sugars showed that besides honey, molasses and maple syrup are two other sugar sources that can prolong survival and enhance reproduction of F. arisanus females. On the other hand, while parasitoids were shorter-lived when fed cane sugar, thus suggesting that this sugar source alone is nu-tritionally inadequate to sustain longevity of female parasitoids, the protein supplement (protein yeast hydrolyzate) added to cane sugar or honey may have deterred feeding or was toxic to F. arisanus (Narayanan & Mookherjee, 1955; Ashley & Gonzales, 1974; Leatemia et al., 1995) . Nevertheless, considering the benefits of food supplements to released parasitoids (Hagen, 1987) , applied research must be undertaken to develop an effective field delivery system in order to provide the sugar source of choice to F. arisanus. Provision of sugars through manipulative procedures such as feeding containers, smears on wooden stakes, foliage sprays, etc., has been suggested (McDougal & Mills, 1997) but stabilizing additives or carriers (e.g., agar) need likewise to be identified and right formulations worked out to make these sugar supplements as lasting and readily available as possible to released parasitoids in the field (Hagen, 1987; Waage et al., 1985) .
Given the amenability of F. arisanus for mass production (Bautista et al., 1999) as well as nature of host killing effects associated with female oviposition (Newell & Rathburn, 1951; Haramoto, 1957; Kaya & Nishida, 1968) , this egg parasitoid has potential usefulness for augmentative biological control. Nevertheless, the findings reported here with regard to attributes of pre-released females, and the potential impact that supplementary food may have on subsequent effectiveness of F. arisanus, could provide a basis for developing a strategy on how to undertake parasitoid releases. Although pointed out that augmentative release brings about control of an insect pest as a direct consequence of natural enemy action, Knipling (1992) , on the other hand, argued that this strategy necessarily becomes self-perpetuating because once releases are underway, female parasitoids commence to utilize hosts that will produce progeny in later generations. In light of this rationale, one can not overlook the compounded effect that can result from the ability of longer-lived F. arisanus females to breed and sustain their effectiveness (through subsequent progeny) in the host habitat.
